Abstract. Measurements from the Ozone Monitoring Instrument are used to investigate the temporal and spatial dynamics of global nitrogen dioxide (NO 2 ). The results show that the global tropospheric column NO 2 increased by 11.10% during 2005 to 2010 at a 1.76% annual growth rate. The largest tropospheric and total NO 2 columns are mainly concentrated in the industrialized regions of North America, Europe, and east Asia. The large values of column NO 2 are also observed and scattered in South America, Africa, and Indonesia due to biomass burning and savannah fires. Average tropospheric column NO 2 increased by 32.62% at a 4.82% annual rate over eastern Asia. On the contrary, the trend decreased by 35.47% at a 7.04% annual rate over eastern America. The trend was not significant over Europe as a whole, where a decrease was observed over western and southern Europe and an increase was observed over eastern and northern Europe. Over the polluted urban areas, the ratios of tropospheric to total column NO 2 are larger than 0.6 and the correlation coefficients are larger than 0.8. This can be mainly attributed to the anthropogenic NO x emissions over land, and it is noteworthy that the ratios are higher than 0.8 (correlation coefficients >0.95) over northern China.
Introduction
Nitrogen dioxide (NO 2 ) is an important trace gas in both the troposphere and the stratosphere and plays an important role in atmospheric chemistry. As described by Martin et al., 1 the NO 2 columns are approximately linearly related to NO x emissions. Nitrogen oxides (NO x ¼ NO þ NO 2 ) take part in the catalytic destruction of ozone in the stratosphere. 2, 3 NO 2 can react with O 3 to form the nitrate radical NO 3 , which is a strong oxidant and this influences nighttime chemistry.
Satellites provide a powerful tool for the measurement of trace gas emission. Data from the Global Ozone Monitoring Experiment (GOME, launched in 1995) has successfully been used to analyze the general features of the global distribution of tropospheric NO 2 . [11] [12] [13] [14] More recently, improved satellite instruments have been deployed, e.g., the Scanning Imaging Absorption Spectrometer for Atmospheric Chartography (SCIAMACHY, launched in 2002), 15 which has been used to study the trends, seasonal variability, and dominant NO x sources over the globe, 16 the GOME-2 (launched in 2006) and Ozone Monitoring Instrument (OMI, launched in 2004) with better spatial and temporal resolution. OMI's spatial resolution (13 × 24 km 2 ) is finer than GOME (40 × 320 km 2 ), GOME-2 (40 × 80 km 2 ), and SCIAMACHY (30 × 60 km 2 ). 17, 18 Its daily global coverage is an improvement over that of GOME and SCIAMACHY which can provide global coverage at intervals of 3 and 6 days, respectively. Therefore, OMI is a better data source for the study of atmospheric NO 2 . Several pieces of research work have validated the OMI NO 2 column densities using ground-based measurements and have been used to analyze the characteristics of tropospheric NO 2 . [17] [18] [19] [20] [21] This investigation of the similarities and differences between tropospheric and total column NO 2 in terms of their global distribution and seasonal variations will provide further understanding about the global distribution of NO 2 . In particular, the ratios of tropospheric to total column NO 2 can reflect the contribution of anthropogenic emissions of NO x , which may help us to understand the regional and global acid deposition, distribution of nitrate aerosols, and the potential influence on climate change. In this article, we focus on the variations of tropospheric and total column NO 2 over the globe, and their intercorrelation. Finally, we focus on the characteristics of three typical regions of northern America, western and southern Europe, and eastern Asia (EAS), which are the regions of largest anthropogenic NO x emissions.
OMI Columns NO Dataset
The NO 2 column products retrieved from OMI (OMNO2e version 3) are used to investigate the NO 2 tropospheric and total column distribution and its variability at a global scale. The OMI instrument onboard the Aura satellite provides the capability for global measurement of atmospheric NO 2 column amounts. The satellite was launched in July 2004, follows in a near-polar, sun-synchronous orbit with a 13:45 local time equator crossing time, and is equipped with 740 bands (270 to 500 nm) hyperspectral imaging grating spectrometer in push broom mode. The pixel resolution is 13 × 24 km 2 at nadir and 400 × 160 km 2 off nadir at the two ends of the track. On occasions, a 13 × 13 km 2 resolution will be set in local mode to detect and track urban-scale pollution sources. In the global observation mode, the total 60 measurements covering a swath of 2600 km can provide daily global coverage. The OMNO2e data product contains total column and tropospheric column NO 2 , and the data format is HDF-EOS 5.1 with a spatial resolution of 0.25 × 0.25 deg. We obtained the data from NASA Goddard Earth Science DISC (Data and Information Services Center). In order to analyze the temporal and spatial variation of NO 2 , the data was averaged on monthly, multiyear seasonal and global scale.
Results and Discussions

Temporal Variations of Global Monthly Averaged NO 2
The temporal evolutions of global tropospheric NO 2 and total column NO 2 from October 2004 to December 2010 are shown in more detail in Fig. 1 , where global monthly averages are plotted. Similar temporal evolutions are found for the total and tropospheric column NO 2 . The global tropospheric column NO 2 increased by 11.10% from late (October, November, and December) 2004 to 2010 at a 1.76% annual growth rate, and this result is similar to the studies of Lamsal et al., 10 The seasonal NO 2 concentration is determined by the variability of meteorological conditions, atmospheric chemistry, and emissions. In regions which have strong NO x anthropogenic emissions, an expected maximum NO 2 in winter and minimum NO 2 in summer can usually be observed (Fig. 1) . The general pattern of annual variation of the tropospheric column NO 2 is similar to the total column NO 2 with a typical "W" shape. The peak values generally appear in January, June, and December, and the low values appear in March and September. For anthropogenic emissions, the maximum values generally appear in January or December because of domestic heating needs, and the minimum values generally appear in March. The emissions in June were slightly higher than April and May because of the considerable biomass burning activity over southern Africa, Brazil, and Indonesia or lightning NO x production in the dry season. 22 The lower tropospheric column NO 2 in August or September can be attributed to a decrease in traffic and industrial activity.
The above-mentioned seasonal characteristics about the distribution of NO 2 is mainly linked to the hydroxyl radical (OH) and the photolysis frequency of NO 2 . The primary source of OH radicals is the photolysis of O 3 and other species like nitrous acid (HONO) and aldehydes. 4 The higher winter values are likely to be the result of a decreasing loss of NO 2 by reaction with OH (the major NO x loss process in the lower troposphere), and a lower photolysis rate to deplete NO 2 due to less sunlight in winter the northern hemisphere, and possibly also by higher winter emissions. 22 On the other hand, in the lower stratosphere, the reactions of
Higher NO x in northern hemisphere and lower hν makes the reaction of NO þ O 3 → NO 2 þ O 2 easier in winter which enhances NO 2 concentration in the atmosphere. Figure 2 plots the ratio variation of global mean tropospheric column NO 2 accounting for total column NO 2 . Compared with the tropospheric and total column NO 2 , the annual cycling is weak for the ratio variation. In the long term, the ratio continually increases with the temporal evolution, which can be used to reflect the influence of anthropogenic emissions. The global ratio of tropospheric to total column NO 2 increased by 11.11% during 2005 to 2010 at a 1.76% annual growth rate, the annual growth rate being almost the same as for the tropospheric column NO 2 . In late 2004, the ratio was about 0.19, whereas in late 2009, the ratio was up to 0.24. The fastest increase started from 2009, while the ratios appeared obviously decreasing in 2010, due to the global decrease of tropospheric column NO 2 , especially over oceans. Therefore, it can be deduced that NO x emissions showed a dramatic growth during 2009, for the tropospheric NO 2 columns are strongly related to surface NO x emissions due to the short NO x lifetime combined with the high NO 2 ∕NO x ratio in the boundary layer. increasing, particularly in eastern China. This increase is mainly due to the rising consumption of fossil fuels 23 and less policy regulation. 24 However, in eastern America (EAM), the trend is decreasing (Figs. 3 and 4) . In central Africa, NO x emissions caused by biomass burning showed a significant increase. A linearly increasing trend is also significant in the Persian Gulf region due to the oil industry and maritime shipping growth. Although the tropospheric column NO 2 is larger over Johannesburg in South Africa, the linearly increasing trend is not significant. Over the remote ocean, the linearly increasing trend is generally not significant. Figures 3 and 4 show the highest increasing trend in EAS. The region with the highest increasing trend corresponds to the regions that have the faster industrial and economic development. This is especially so in northern China where the atmospheric NO 2 increased by ∼3 × 10 15 molecules∕cm 2 from late 2004 to 2010. One can clearly note that the trend over EAM decreased by ∼2 × 10 15 molecules∕cm 2 from late 2004 to 2010. This is probably due to the high level of economic activity, technical development, and policy regulation. This is also in agreement with the research of Lamsal et al., 10 
Spatial Characteristics of NO 2
To illustrate the spatial distribution of NO 2 , the seasonal averages of the total and tropospheric NO 2 columns derived from OMI measurements from October 2004 to December 2010 are shown in Figs. 5 and 6. The seasons in this article are divided into spring (March, April, and May, MAM), summer (June, July, and August, JJA), autumn (September, October, and November, SON), and winter (December, January and February, DJF). The NO 2 load generally reflects human activity (Fig. 6) Figures 5 and 6 also show that the NO 2 concentrations are generally higher over industrial urban areas. One can see from the figures that hotspots appear in polluted urban areas surrounding Johannesburg, which is the largest city in South Africa. In the Persian Gulf region, due to the oil industry and maritime shipping, NO x emissions lead to enhanced NO 2 columns. The larger NO 2 columns also occur in regions of biomass burning and savannah fires in South America, Africa, and Indonesia, especially in the summer. Large NO 2 emissions also occur in southern Sahara Desert, which is likely to be due to NO x emissions from soil. 22, 26 The lower values found over deserts (Sahara, Arabia, and Australia), the Amazon rainforest, the Tibetan Plateau, Siberia, Greenland, and Antarctica are due to less influence by human activities, soil NO x , biomass burning, and lightning emissions. The inferred column NO 2 for remote oceans are very low, mainly because there is nearly no anthropogenic activity in the ocean region, and the atmospheric NO 2 which originates from natural emissions was assumed to be mostly located in the stratosphere. Figure 7 maps the global distribution of ratios of tropospheric to total column NO 2 . It shows that anthropogenic emissions are the primary source of NO 2 over land. As can be seen from the figure, the high ratios occur in polluted urban areas, ranging from 0.5 to 0.8, due to higher anthropogenic emitted NO x from the burning of fossil fuels for transportation and industrial activities. Higher ratios also occur in the Persian Gulf region due to the oil industry and maritime shipping, and in savannah fires in South America, Africa, and Indonesia due to biomass burning, and in the regions of the southern Sahara Desert due to soil emission. Over land, generally, the lower ratios occur in the Sahara Desert, Tibetan Plateau, Siberia, Greenland, and Antarctica, where NO 2 is derived mainly from natural sources. In some of the EAS regions, the ratios are higher than 0.8, which implies that the anthropogenic emission is the dominant source of atmospheric NO 2 , whereas despite the abatement of anthropogenic emissions over North America, the ratios are still maintained at a higher level (mean value ¼ 0.52). For the remote oceans, the ratios are very low, mainly because there is almost no anthropogenic activity and NO x is hardly ever transported to the remote oceans from land due to its shorter lifetime.
In summer, the ratios are higher in central Africa due to NO x emissions from biomass burning. 27 In winter, the ratios are larger in the southern Sahara Desert due to the NO x emission from soil. Domestic heating sources could contribute to the larger ratios over the northern and southern hemisphere as the seasons shift. This scene can be illustrated by the higher ratios over Johannesburg in South Africa in the southern hemisphere and northern Europe in the northern hemisphere. Another reason could be a decreasing loss of NO 2 reacting with OH, and a lower photolysis rate to deplete NO 2 due to less sunlight in winter over the northern globe. matching pixels of daily tropospheric column NO 2 and total column NO 2 from October 2004 to December 2010. The larger correlation coefficients (>0.6) generally appear over land. In particular, over EAS and southern Asia and central and southern Africa, the R value is often up to 0.95. This result indicates that the variation of total column NO 2 is closely related to tropospheric column NO 2 , which is strongly affected by human activity.
Characteristics of Three Typical Regions
In this section, three typical regions with large NO 2 concentrations are analyzed. EAM is defined as the region of 75 to 100 deg W, 30 to (Fig. 9) . These three regions have the largest NO 2 sources in the world (Figs. 3 and 4) . The time series in Fig. 10 illustrate the .7
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Globe EAM WSE EAS Fig. 9 Ratio variation of tropospheric to total column NO 2 over the regions of EAM, WSE, and EAS in left panel. The right panel maps the ratio distribution over globe (see Fig. 5 ), and the left, middle, and right box stand for the EAM, WSE and EAS, respectively. Fig . 10 Temporal evolution characteristics of monthly mean total and tropospheric column NO 2 over three typical regions. The black and red lines denote the total and tropospheric column NO 2 in the right panel, respectively. The EAM, WSE, and EAS stand for eastern America, western and southern Europe, and eastern Asia, respectively.
variation of NO 2 concentrations over the three regions and present different characteristics. In the right panel, the correlations of tropospheric and total column NO 2 are highlighted, from which the influence of anthropogenic activities on troposphere and the atmospheric NO 2 can be inferred according to the correlation coefficient (R) values. Over the EAM region, tropospheric and total column NO 2 decreased with temporal evolution; the tropospheric column NO 2 decreased by 35.47% during 2005 to 2010 at a 7.04% annual rate. In late 2004 (October, November, and December), the mean values of tropospheric column NO 2 were 4.17 × 10 15 molecules∕cm 2 , whereas in late 2010 (October, November, and December), they were 2.85 × 10 15 molecules∕cm 2 . The reason for the decreased trend can be mainly attributed to decreasing anthropogenic NO x emissions, where the R of tropospheric and total column NO 2 is 0.50. This is similar with the study of Lamsal et al., 10 in which they showed that the anthropogenic NO x emissions decreased by 5.7% in North America during 2006 to 2009.
The EAS region, especially eastern China, is the fastest growing industrial region in the world. The economic development has been accompanied by a strong increase of tropospheric pollutants emissions. The tropospheric column NO 2 increased by 32.62% during 2005 to 2010 at a 5.44% annual growth rate, and the mean value of tropospheric column NO 2 is up to 6.96 × 10 15 molecules∕cm 2 . This growth rate is almost three times that of the global rate (1.76%) and is due to a dramatic increase in the anthropogenic NO x emissions; the R of tropospheric and total column NO 2 is up to 0.94. As a result of a rapidly growing economy powered by the generation of energy from fossil fuels, large increases have been predicted for NO x emissions from China. This result is in line with those of previous research. [28] [29] [30] A continuous increase in tropospheric NO 2 is predicted to have occurred in the industrial regions of China between 1996 and 2002, at a rate of 7 AE 1% year −1 .
31 Lamsal et al. 10 have shown an increase of 18.8% NO x emissions in east Asia, following a 6. Over the WSE region, the tropospheric column NO 2 increased 3% during 2005 to 2010 at a 0.51% annual growth rate during 6 years. In late 2004 and 2010, the mean values of tropospheric column NO 2 were 3.00 × 10 15 and 3.52 × 10 15 molecules∕cm 2 , respectively. This result is different from those of other research. Lövblad et al. 32 showed a 30% NO x emission reduction for Europe between 1990 and 2000 and 18% from 1996 to 2002. Konovalov et al. 33 applied inversion techniques with GOME and SCIAMACY measurements between 1996 and 2004 and confirmed that the NO x emission showed a decreasing trend in Europe. According to the research of Vestreng et al., 25 the total European emission reduction was 11% over the 5-year period of 2000 to 2005. This different result may be due to local statistics and the influence of increased NO x emissions from eastern and northern Europe, which increased by ∼1.5 × 10 15 molecules∕cm 2 . Figure 9 plots the ratio variations of tropospheric to total column NO 2 over EAM, western and southern Europe (WSE), EAS, and globe, respectively. Figure 9 highlights the different characteristics of anthropogenic emissions over the three regions with the largest NO 2 concentrations in the world. Their variations present more obvious periodic seasonal shifts than those in globe. The peaks and lows generally appear in the wintertime and summertime, respectively. The mean ratios in the three regions (EAM ¼ 0.52, WSE ¼ 0.56, and EAS ¼ 0.62) are higher than that of globe (mean value ¼ 0.2). The ratio of tropospheric to total column NO 2 increased by 8.39% during 2005 to 2010 at a 1.35% annual growth rate over EAS region; this growth rate is less than the global rate. The ratio of tropospheric to total column NO 2 decreased 25.69% during 2005 to 2010 at a 4.83% annual decreasing rate over the EAM region. The ratio in the WSE region did not show a significant trend. This result reflects the different variations trend of anthropogenic NO x emissions over the EAM, EAS, and WSE regions.
Conclusions
In this article, we described the characteristics of total column and tropospheric NO 2 during the period October 2004 to December 2010 using remote sensing data obtained from OMI. We investigated a 6-year trend of global and regional NO 2 columns. The results showed that the global tropospheric column NO 2 increased by 11.10% during 2005 to 2010 at a 1.76% annual growth rate. The seasonal variability of NO 2 concentration showed a maximum value in winter and a minimum value in summer over regions with strong anthropogenic emissions. The ratio of tropospheric to total column NO 2 is similar to the tropospheric and total variability. and 7.39 × 10 15 molecules∕cm 2 ). The higher NO 2 columns were also observed in regions of biomass burning and savannah fires in South America, Africa, and Indonesia, and in the Persian Gulf region, which was due to the influence of the oil industry and maritime shipping. Over the EAS region, the trend increased by 32.62% at a 4.82% annual growth rate in tropospheric column NO 2 , while over the EAM region the trend decreased by 35.47% at a −7.04% annual decreasing rate. The trend is not significant over Europe as a whole, where a decrease was observed over western and southern Europe (decreased ∼0.7 × 10 15 molecules∕cm 2 ), and an increase occurred in eastern and northern Europe (decreased by ∼1.5 × 10 15 molecules∕cm 2 ). These reflect the different variations trend of anthropogenic NO x emissions over the EAM, EAS, and WSE regions.
Over the polluted urban areas, the ratios of tropospheric to total column NO 2 are >0.6, and the correlation coefficients of time series of tropospheric and total column NO 2 are >0.8. This can be mainly attributed to the anthropogenic NO x emissions over land, and it is noteworthy that the ratios are >0.8 (correlation coefficients >0.95) over northern China. For the remote oceans, the ratios are very low, mainly because there is almost no anthropogenic activity over oceans.
